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4 General Methods of Extraction 


’ 


4.0 INTRODUCTION 


In an extraction Process, a specific amount of cneigy is required to reduce or release a metal ion 
present In a compound (solid or liquid) in association with other elements and to collect the 
metal in its elemental form. During metal extraction, the bulk of the metal is separated from the 
impurities present in the ore by using a system which invariably comprises more than one phase, 
The metal enters the metallic phase while the impuritics enter the nonmetallic phase or phases. 
The driving force for the reactions involved in metal extraction depends on the differences in the 
chemical potentials of the chemical elements. The significance of chemical potential gradients in 
an extraction process has been discussed in Chapter 2. To briefly recapitulate: during a chemical 
reaction, an clement tends to move from a high to a low chemical potential state. In each extrac- ( 
tion process, the basic aim is to create conditions conducive to such a transfer, which facilitates 
the extraction of a metal or its compound. \ 
In metal extraction, a vast majority of metallurgical reactions are made to take place at \ 
elevated temperatures because then the ore compounds become relatively unstable, facilitating the 
release of the metal. This is the basis of pyrometallurgy. In electrometaflurgy, the dissociation or 
decomposition of a compound in solution (i.e., reduction of an ion) is brought about by employing j 
electrical forces. In Aydrometatiurgy, the reduction process depends on the judicious manipulation : ‘ 
of the chemical reactions taking place in an aqueous solution. ' ae 


4 


4.1 PYROMETALLURGY _ ' 
Despite the rapid developments in hydrometallurgy and clectrometallurgy over the last hundred © 
years, pyrometallurgy still remains the principal means of metal extraction, both in the number 
of applications and in the tonnage of metal produced/Pyrometallurgy deals with the methods of 
extraction of metals from their ores and their refining, and is based on chemical and physica! be) 
changes occurring at high temperatures, i.e., 500-2000°C. * 

A high-temperature process is often cheaper and more versatile than other competing methods 
such as electrometallurgy and hydrometallurgy because of the reasons now given. e 

At a high temperature, the reaction rate is accelerated. A rapid reaction rate leads to the 
increased production of a metal (fora given size of reactor). Further, a high-temperature process 

‘ts the use of inexpensive reducing agents or raw materials that are cheaper than those 

ans d for a low-temperature process. It should he noted that the rate of most reactions js 
a doubled for every 10°C rise in temperature, and the higher the temperature, the 

er the activation energy barrier that opposes the progress of the chemical reaction,y — 
ge extraction takes advantage of the ability to shift the reaction equilibrium 
with temperature. For example, at 25°C, the equilibrium position of the reaction 


- © 200 + C = Za +00 ego MD 
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130 EXTRACTION OF NONFERROUS METALS 


is far to the left, but, at 1200°C, it shifts far to the right. In other words, carbon cannot eae 
ZnO except at clevated temperatures, i.e.. at a minimum of 900°C for continuous Fecgene at 
} atm. Another example that illustrates the effect of temperature on the reaction equilibrium 1s 
the iodide refining process for refractory metals such as titanium and zirconium. When a crude 
metal M is made to react with iodine at a low temperature (the reaction equilibrium being shifted 
to the right), metallic iodide vapour is formed. This vapour is transported to a hot zone (the 
reaction equilibrium being shifted to the left), where it decomposes into the pure metal and 
regenerates iodine according to the reaction 
200°C 
M (c) + 2I:(x) = MIy(g). — 
1400°C 


‘ 


“The physical separation of a product metal from waste is facilitated when the products are 


liquefied or vaporized at high temperatures. Further, at these temperatures, the liquid metal and 
liquid Slag that are formed Separate out, facilitating metal extraction. Some of the common metals 
such as iron, Icad, zine, copper, aluminium, magnesium, sodium, and antimony are produced by 
4 process where the metal is.reduced to either the liquid or the gaseous state, permitting its 
Separation from the residue. One of the reasons why refractory metals such as titanium, zirconium, 
molybdenum, tantalum, and niobium are very.expensive is that they are reduced directly to the 
solid metal. This requircs au capensive process cither to separate the metal from the residue or to 
Pre-purify the metal compound so that no residue remains after reduction. / - 
Pyrometallurgy can bring about the reduction of a compound, which cannot take place in the 
presence of water. This advantage stems from its ability to extract the ‘reactive metals which 
cannot be reduced from an aqueous solution. Consequently, only pyrometallurgy or fused salt 
electrolysis can be used to extract the highly reactive metals, namely, the alkaline earth metals, 
Zirconium, and titanium. 
A high-temperature process has the inherent ability to treat large tonnages of ores in a 
—tompact space, which leads to a saving in the capital cast. Even a small electric furnace, by using 
& power input of a very high order, can achieve a very high production rate. This, however, is 
not true of an electrometallurgical process, either at the room temperature or at a high tempera- 
ture, because the voltage value chosen for the process must necessarily be low, depending on the 
decomposition voltage of the compound to be electrolyzed. Moreover. there is always a limiting 
current density. ‘ ° - 
We now discuss the three main steps employed in pyrometallurgy, namcly, calcination, roast- 
ing, and smelting. ? ’ 


4.2 CALCINATION 


/Calcination is the thermal treatment of an ore that brings about its decomposition and eliminates 
the volatile product—usually carbon dioxide or water. The temperature required for calcination 
can be calculated from the free energy-temperature. relationship far the reaction under 


. Hee = 7 considera- 
tiogp For example, the reaction for the decomposition of calcium carbonate ina kiln is be? 
CaCO, (c) = CaO (c) +- CO; (g), 4G? (cal) = 42,300 — 37.77.” (4.3) 


When the CO; pressure is] atm, 4c? becomes cqual to 0 aud 7 becomes equal to 1123 K or 
850°C, so that a kiln temperature of 1000°C would be sufficient to provide a rapid temperature 
rise in the mineral particles and to reach the decomposition temperature, Since the reaction js 


v4 
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en the rate of decomposition is probably controlled by the rate of heat transfer into 
4 ¢. As a result, even higher kiln temperatures can be expected so as to increase the pro- 
duction rate, but at some cost in fuel. Since the solid residual product is likely to be porous in 

texture and permeable, the gaseous product can easily escape. Further, the pressure at the decom- 

Position front is likely to be a little higher than the atmospheric pressure. , 

he decomposition temperature of a carbonate is the temperature at which the partial pres- 

sure of CO: (pco,) equals 1 atm. [t is obvious that most carbonates actually start to decompose 

° at eomperetuces lower than the decomposition temperature of calcium carbonate (¢-.g., MgCo; at 
417°C, MnCOs at 377°C, and FeCO; at about 400°C). This fact can be used for differential 
calcination. For example, a magnesium ore that contains both magnesium carbonate and calcium 
carbonate can be beneficiated by calcining the ore around the decomposition temperature of 
es is used to leach out the resulting MgO, and the undecomposed CaCO; is left 
ehind, 


43 ROASTING 


Ane roasting of an ore or a concentrate is a process which precedes smelting in pyrometallurgy 
and leaching in hydrometallurgy. In general, very few ores and concentrates in their native form 
are suitable for direct conversion to the metal. An oxide is more easily reduced to the metal than 


. Seay . - 
a sulphide, and leaching becomes easier if the metal were present as a sulphate, chloride, or oxide. 


Therefore, the mineral constituent of an ore must be converted into another chemical form. Such 
a conversion can be brought about by roasting yhe main purpose of calcination is to decompose 
an ore, whereas roasting, by employing oxygen or some other element, aims at the chemical con- 
version of an ore Traditionally/ roasting was chiefly used to.remove sulphur or other elements 
Sich as arsenic and tellurium ‘in the form of a volatile oxide from an ore. Nowadays, however, 
‘roasting encompasses a wide variety of operations including reduction, sulphation, and chloridi- 
zation, wherein the ore is heated to a temperature below the fusion point of its constituents. The 
product thus obtained becomes amenable to subsequent treatment for the extraction of the metal. 

We pow discuss some typical roasting operations to emphasize the importance of roasting irf 


OXIDIZING ROASTING 
Oxidizing roasting, which is the most important roasting process, burns out the sulphur from a 
sulphide ore and replaces it, in whole or in part, by an oxide. The general reaction is 


MS (c) + 30: (g) > MO (c) + SO: (g). (4.4) 
For example, in the case of zinc sulphide, the reaction is 
ZnS (c) + 20; (g) > ZnO (c) + SOz (8). (4.5) 
Reaction (4.5), however, gives only an overall picture of roasting. In reality, a complicated series 
of reversible reactions occur. During roasting, metal sulphates may also be formed. A htehe~thens 

a perature Is required to break up the sulphates, especially zinc sulphate. ; 
When a sulphide ore js roasted to a point where almost the entire sulphur content is eliminat- 

ed, the residue is called dead roast. — 

A catalytic agent often speeds up the roasting process. Quartz and other gangue materials 


often act as catalysts du ring roasting. / 
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2 : F , the avail- 

Vveaiiias essentially depends on factors such as time (i.e., duration), a at candice 

ability of vaygenm or alt, the physical condition of the ore, and the nature o is ius 
devices used. The durations of roasting processes vary greatly. For example, blast roasting 


. : : ; weather 
in a mere flash of time, whereas hearth roasting takes hours, heap roasting months, and 
roasting years, . 

Pn 2 


{ 
VOLATILIZING ROASTING 
Volatilizing roasting eliminates volatile oxides such as As,O;, Sb,0;, and ZnO from an ia i 
volatilizing roasting, the inflow of oxygen should be carefully controlled, as excessive oxidatio | 
may lead to the formation of non-volatile higher oxides. , { “ 

4 

j 


= 
LORIDIZING ROASTING 


Chloridizing roasting is carried out to convert certain metal compounds to chlorides under oxidizing 


or reducing conditions. Many metals, for cxanipic, uranium, beryllium, niobium, zirconium, and 
titanium, are extracted from their chlorides. 


Some chloridizing reactions are 


2NaCl + MS +20; = Na;SOs+ MCIn,/ (4.6) 
4NaCl + 2MO + S, + 30: = 2Na:SO, +. 2MCI. (4.7) 


7 Reaction (4.6) is particularly suited to the roasting of a sulphide ore, which may be highly exo- 
thermic. For an oxide ore, reaction (4.7) is facilitated by the addition of elemental sulphur. 
Reaction (4.7) also represents the chlorination of a carbonate which decomposes on heating, 


giving an oxide. Sulphates and silicates may react with a chloride by Adirect interchange of the 
elements and radicals without the addition of sulphur. , avi"? 


OTHER KINDS OF ROASTING ; \ 


Apart from oxidizing roasting. volatilizing roasting, and es roasting, there are other kinds 

of roasting processes, some of which are now mentioned ‘Sulphating roasting converts certain sul- 

phide ores to sulphates, usually Prior to leaching, An sxample of magnetic roasting is the controlled ’ 
reduction of hematite (Fe20;) to magnetite (Fe;0,). Reduction roasting is the partial reduction of 

an oxide ore prior to actual reduction smelting/Blast roasting or sinter roasting not only modifies 

the physical condition of an ore (e.g., agglomeration) but also helps in its partial Oxidation, 


CHEMISTRY OF ROASTING 


A large number of reactions are theoretically possible when a sulphide is roasted, Consider a 
sulphide MS, where M is a divalent metal. Some of the possible reactions are 


MS; (c) = MS (c) + 45> (g), 


, 4.8 
| 352 (xg) + O2 (x) = SO: (g), ‘ a 
7 MS (c) + #0; (g) = MO (c) + SO; (g), . (4.10) 
- SO; (2) + 40: (g) = SO; (2), : (4.11) © 
MO (c) + SO; (g) = MSO, (c), (4.12) 
MSO, (c) = MO-ySOs (c) + (1 — y)SO; (2), . i he 4.13) 
MO.ySOs (c) = MO (c) + ySOs (eg). af. (4.14) 
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[Examples of MO-ySO, are PbSO,-PbO (3 = 4), PbSO«-2PbO (y = 4), ... .] At the temperatures 


commonly used for roasting, reactions (4.9) and (4.10) generally have large negative free energy 
changes and the SO;/O; 


equilibrium is far to the right, For example, in the case of FeS, the 
ee standard free energy change for reaction (4.10) is given by 
JG®° (cal) = — 113,000 + 9.57 log T — 1.908(10-372) — 6.7T. 


At 1100 K, the equilibrium constant KX for this reaction is calculated as 1.2 x 10'§. Therefore, 
the sulphide is converted to an oxide for a relatively small value of the partial pressure of oxyze 
(po,). Similarly, at 1100 K, the equilibrium constant for reaction (4.9) is calculated as 2.76 « 10°. 
This value shows that at a temperature as high as 1100 K, SO) is a stable phase, even in the 
Presence of small amounts of oxygen. On the other hand, reactions (4.11}+(4.14) are such that 
: both the temperature and the partial pressure of SO; (pPso,) determine which of the phases are 
iY stable. By using the phase rule, we can show that the system is univariant for the existence of a 
ii gas and for a mixture of two solid phases such as MSOu-MO, MSOq-MO-¥SQ3, or MO-MO-ySQ3. 
In other words, two solids can coexist, at any given temperature, ower a range of partial pressures 
of SO;. However, were the gas phase, ie., SO, O2, or SOs, in equilibmum with all the three 
solids, namely, MO, MSO,, and MO.ySO,, then the system becomes nomvariant, that is, equili- 
brium can be attained only ata point where both temperature and Pso, are defined. 


7 Pal PREDOMINANCE AREA DIAGRAMS 
t ST 


he temperature at which roasting is carried out is an important factor in determining the nature 
f of the product obtained. In order to get‘a desired product, we can determine the best operating - 
temperature by knowing both the composition of the gas used in an industrial roaster and the 


An the concentration of SO. must be taken into account. 
The basis for drawing predominance area diagrams can be illustrated by taking Ni-S-O as an 
x2 miple {sce Fig. 4.1a). At 1000 K, in this system, the condensed phase is made up of Ni, NiO, 
, and NiSOg. The gas phase normally contains SO; and O;, but some SO; and S; may also 
resent, as indicated by reactions (4.9) and (4.11). At a specified temperature, the phase 
ion between any two condensed phases can be represented by a two-dimensional diagram in 
the partial pressures of any (wo of the gascous components are taken as the coordinates. 
ig. 4.1a, log pso, and log po, are chosen as the coordinates. Thus, the reaction between the 
mised phases NiS and NiO, and the gases SO; and O; is represented by 


~ NiS (c) + 702 (g) = NiO (c) + SO: (g), 


4.15) 3 
hich the equilibrium constant A’ is given by 
rs __ PSO - 
SS 
POs 
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and 


Pe — ee = F log po, + log K’ 
can be calcul: 
lated by knowing the free energy change for reaction (4.15). In Fig. 4.la, CD 


§ 


4 
€ 0 
os 
3 
S 
S-4 
—§ 
—12 
—20 —16 ~12 cell —4 0 
log(Po,, atm) 
(a} Ni-S-O system at 1000 K 
Fig. 4.1 Predominance Area Diagrams (after Kellogg 


and Basu, 1960) (cont.). 


corresponds to reaction (4.15) and BC represents the equilibrium of the reaction 
NisS2 (c) + #0: (g) = 3NiO (c) + 2S02. wes 
The ‘corresponding equilibrium constant K* is given by 


2 
ee = PSsOr 
7/2 


Po,* 
and 
log pso, = & [08 Po, + } log K’. 
hould be noted that-the slope of BC is slightly different from that of CD. AB (in Fig. 4.18) 
J sinwos um of the reaction 


represents the equilibri 
(4.17) 


Ni (c) + 302 (8) = NiO (c). 
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The corresponding equilibrium constant ” on 
K"= “Tia 
Po, . 
| and 
\ log po, = —2 log K”’, 


Obviously, the two phases Ni and NiO can coexist only at a fixed value of po, The equilibrium 
corresponding to reaction (4.17) is independent of pso,- 


Other lines in Fig. 4.1a represent the equilibria for the following reactions: 


¥ DG: NiS (c) + 20: (g) = NiSO, (c), (4.18) 
DH: 2NiO (c) + 2802 (g) + O2 (gz) = 2NiSO, (c), (4.19) 

‘ FC: 3NiS (c) + O; (g) = NisS2 (c) + SO2 (2). (4.20) 
EB: NisSz (c) ++ 20; (g) = 3Ni (c) + 2SO2 (g). (4.21) 


FC and EB are parallel to each other, each inclined at an angle of 45° to both the x- and y-axis. 
Thus, the stable portion of each bivariant equilibrium can be demarcated if the equilibrium 
constants for the various reactions are known. 

The areas in Fig. 4.1a correspond to the predominance area for a particular condensed phase, 
both pso, and po, can be varied, and the system has two degrees of freedom. Along the lines, the 
system has one degree of freedom. The system is nonyariant when three condensed phases are 
present, a5 at the points B, C, and D. 

Predominance area diagrams, which are plotted from available thermodynamic data, provide 
data that help contro! roasting conditions so that the desired end products can be obtained At 
1000 K, if the roaster pas phase contains 10 per cent SO, and 10 per cent O;, it is evident from 
the predominance area diagram that NiSO, is the thermodynamically stable phase, On the other 
hand, if the gas phase contains only 1 percent SO; and | per cent QO), the final product is NiO. 
Nickel sulphate is formed under oxidizing conditions | at_a high partial pressure of SO2. Although 
NiS-can in principle, be directty-converted to NiSO. at a high partial pressure of SO;, in 

Practice, it is more convenient to do so through the intermediate formation of Ni;S; and NiO. 

If a given metal forms several oxides apart f rom the simple oxide mentioned and also sulphides, 
basic sulphates, and sulphates, additional equations have to be written, and the lines corresponding 
ta them can be incorporated in Fig- 4.la. For example, in the Pb-S-O system (see Fig. 4.1b), PbO 
form several basic sulphates, namely, PbSO, 4APbO, PbSO,-2PbO, and PbSO«-PbO before it is 

averted to PbSO,. Figure 4.1b illustrates various factors that govern roasting of lead sulphide. 

Th fi also gives the compositionof the roaster gasin a conventional roaster operating at 827°C 
om ows that the stable product obtained by roasting PbS should be PbSO,. Since the PbS and 
nea ache do not have a common boundary, PbO cannot be produced by roasting PbS in 
P = hout some PbSO. also being formed. This accounts for the difficulty encountered in 
oxygen si ani PbO at 827°C. On the other hand, @ sulphatizing roasting of PbS to yield PbSO, 
dead eS t. but it is not desirable, as PbSO. is insoluble in water. Tigure 4.1b explains 
a ps a i ‘predominant in lead fumes rather than PbO. The possibility of a roast reduction 
w 4 

a in which lead sulph 


| 
| 


can 


ide is converted to metallic lead by controlling pso, and po, ge. 


‘ 
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composition 
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E 
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—11.5 —1I0 —8 —6 —4 ao 0 
log(po,. atm) = 
bd 
(b) Pb-S-O system at 1100 K 


Fig. 4.1 Predominance Area Diagrams (after Kellogg 
, and Basu, 1960). 


at a given temperature, the predominance areas for a given compound may have different loc 

tions for different metals. In the case of a mixed sulphide such as Fe-Cy sulphide, the roasti ; 

conditions can be predicted for the selective oxidation of Fe to an oxide (Fe,0,) while retaining F 

Cu as a sulphide. . 
Predominance area diagrams serve as a useful Buide to the extraction of metals from sulphides 

Moreover, by using predominance area diagrams, we can Show that it would be more convenient 

to extract copper directly from the sulphide phase than from the oxide 


é ; Phase (see Chapter 7 for | 
details). These diagrams also serve as a Suide to the selective Sulphation of Mincrals For / 


| 
| 
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Cxample, the low ar : 

sil, fro \ ala 4 of iron sulphates generally allows the selective sulphation of the other 
. és sn phide mineral mixtures. Thus 

Fe20, by treatin ’ 


oe eats ; copper ferrite can be converted to CuSO, and 
The A iie me : a a mixture of SO; and O, in the range 600-800°C . 
roasting weer iscussion is based on the assumption that equilibrium conditions prevail. if a 
' Processes. the Shade or out under nonequilibrium conditions as is usually done in industrial 
y) the various reactions eae ‘f — biases: Fonacd in the roast are determined by the rates of 
j Gn DREGE caial ey y the mechanisms by which they proceed. These roasting reactions 
ani Cat inten vee ane therefore, equilibrium is approached more easily. For example, FezO3 
a0 intensify the decomposition rate of MgSO,, while SiO; has no effect on it. The addition 
of Fe203, CuO, or MnO, also catalyzes the formation of CoSO, and ZnSO, (Skeaf and 
Espelund, 1973), 


4.5 ROASTING PRACTICE 


As roasting is usually a preliminary step in many extraction processes, it is necessary to choose a 

roasting method that would facilitate subsequent operations. There is a wide variation in the 

t requirements and conditions for the subsequent steps. Generally, a roasting process is chosen 

i. based on two major criteria, namely, the required physical condition and the required chemical 
f composition of the product. 


REQUIRED PHYSICAL CONDITION OF PRODUCT 


{ If an ore is to be smelted in a blast furnace, the product should be coarse and cellular. For a 
nN reverberatory furmance or for a retort, the product should be fine. For leaching, the product 
i" should be porous in nature and the formation of insoluble compounds should be avoided. 


REQUIRED CHEMICAL COMPOSITION OF PRODUCT 


If lead is the prime metal to be recovered from a sulphide ore, it is desirable to eliminate almost 

the entire sulphur content before subsequent blast furnace smelting. For copper, the entire 

sulphur content need not be eliminated. In fact, a sufficient quantity of sulphur should be retained 

so as to produce a matte, which is mainly a mixture of iron sulphides and copper sulphides of a 

desired grade. For zinc, as for lead, almost the entire sulphur content should be eliminated. 

However, the formation of zinc ferrite should be avoided when zinc is extracted by leaching 
: because it is difficult to leach the ferrite. 

b There are several other factors to be consider¢d besides those mentioned. For example, the 

———__ chemical composition of an ore and of the minerals present in it may or may not favour a partic- 

Braga ane ras “Syne sting process. In the manufacture of sulphuric acid from sulphurous gases that are evolved 

‘oas g, the actual roasting process must ensure the availability of a gas rich in SO, for 

Midized bed roasting. If there are precious metals or other valuable recoverable metals 

be lost at excessively high temperatures, then we must adopt a low-temperature 


‘desirable combination of roasting operations is one that is commercially the most 
n the long run. For example, a furnace gas containing SO; and SO; may be allowed 
> the atmosphere or may be utilized in the manufacture of sulphuric acid. The utili- 
Iphurous gases is recommended not only because it results in economic gain but also 


ents atmospheric pollution. In mast countries, there is strict legislation against 
pollution by industrial waste gases, 
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INDUSTRIAL ROAST! NG UNITS 


The most widely accepted met 
towards the end of the ninet 
Tetaimed the basic Principle of 


j , i En land 
allurgical roasicr was first designed by MacDougall ees : cae 
centh century. It subsequently underwent many impro seat 
countercurrent flow of the solid ore and the oxidizing g r 


sd 
MULTIPLE HEARTH ROASTING 


ircular brick 
ie; typical MacDougall type roaster (see Fig. 4.2) consists of several (about 10) circular 


hearths superimposed on 
steel shell, Revolving mech 
to continuously shift the or 


d SE RES ick-lined 
cach other. The entire Structure is enclosed in a i ger - seaetls 
anical rabbles attached to arms move over the surface o a aceon 
¢. The anim ate attached to a rotating central shaft that pass 


Feeg 


+ AS . 

; Not a'r 
te eahautl 

- ot 


- . cw) 
° a CRE P 
PASBLE neers a =< = 
” _ =] 
SLADE Sits saab see ; “ace Err as S 
ow . 
; ‘ 


L - 
—2y warural 
4 Ras 


<<a ay Peet: ‘tas 
sz Ses. we 
ET as) - Ore fs 
> 


eS 


Fig. 4.2. MacDougal! Type Hearth Roaster, 


the centre of the roaster. The ore that is automatically discharged at the top hearth gradually 
moves downwards through alternate Passages around the shaft and the peri 
emerges at the bottom. The oxidizing gases flow upwards, i.e, 
Charge. In a well-insulated roaster, external heating is unnec 
highly moist. The hearths at the top of the roaster dry and h 
tion of the charge occur lower down. In a MacDoug 


Cat the charge. Ignition and Oxida- 
can be effectively controlled, this roaster suffers fro 


all type roaster, although the roasting process 
m certain drawbacks, i.¢., the roasting process 
© 
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Across the bed is e 


s the | qual to the Weight of the Particles 
remain indiy 


. Per unit areca of the bed. The particles now 
idually Suspended and offer less resistanc 


¢ to the gas flow. 
Stage 4 


An ovcn further incre 
such an expansion Tes 
bed continues to decr 


oa 
¢ 


Ase in the gas Velocity leads to the continue 
ulls in an increase in the 


Case as the pas Velocity 


d expansion of the bed. Since 
interparticle distance, the pressure drop across the 
increases, 

Stage § 
Finally, @ Stage is reached when the exp 
A major portion of the outcoming gas 


~~ 
ansion of the bed becomes independent of the gas velocity. 4 
surface of the bed which looks like a w 


Stream appears in the form of bubbles bursting on the 


ell-stirred boiling liquid. In this condition, the bed is said \ 
to be ‘fluidized’. Thi< Muidized bed, which nas an apparent density distinctly different from the 
density of the Solid, is capable of flowing like a liquid. . 

It is relatively easy to maint 1 
of mixing of the solids, This ad 
and the product as Pseudo-flu 
$ especially for highly exothe 
} fluidized beds are known to 


ain the bed at a uniform temperature because of the high degree ; 

vantage together with the facility of handling both the solid feed 

ids has resulted in the widespread use uf fluidized bed reactors, ; 

Tmic or endothermic reactions. The thermal conductivities of some i», 

be a hundred times higher than the thermal conductivity of the best 

Metallic conductor, namely, silver, 

\ The gas Velocity required to fluidize a given bed can be determined by visual observation \_ 
Wherever passible, for instance, in a low-temperature glass model. For an actual reactor, how- 

. ever, the state of fluidization is 


ascertained by measuring the pressure drop across the bed. The 
fluidization behaviour of a bed can be gtaphically represented by plotting the Pressure drop 
@gainst the linear velocity of a pas Passing through the bed (or the volume flow rate of a gas for 


@ reactor that has a uniform Cross-section). A typical fluidization curve is shown in Fig. 4.5.7[n 


Minimum fluidization velocity 


Pressure diffe'ence 


1 
Gas velocity 


Fig- 4.5 Typical Fluidization Curve. 


this figure, AB represents the pressure drop for the stationary bed, i.e., before Nuidization occurs. 
_As the pressure drop across the bed approaches the lifting points, the bed is rearranged to provide 

minimum resistance to the gas flow, as indicated by the 
‘the maximum voidage of the packed bed (or the voidage corresponding to mi 
and the minimum gas velocity required for fluidization, Beyond C, the pr 


nimum fluidization) 
independent of the gas velocity. The minimum Auidization Velocity is one of 


essure drop becomes 
the most important 
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? retically 
factors that govern the design of a fluidized bed.,Although this velocity can ee 


; i ‘s considered 
calculated, its value obtained from an experimental observation of the pressure drop 1s 
more reliable. 


“ 
l fee . 
¥ gnition Tempcrature and Autogenous Roasting . ‘deal for sulphide 
- From the foregoing discussion, it should be obvious that fluidized bed roasting 1s idea othermic. 
ores because the oxidizing reactions that take place auring their reasting are highly rere erature 
For any exothermic reaction of this kind encountered in roasting, there is a minimum . 2 geen 
above which the reaction is sustamed by the heat liberated by itself. Io other words; ve ei 
particle is initially maintained at this minimum temperature in a stream of air and the 


tpi i ‘ : : ¢ of an 
initiated by an ignition device, then the reaction continues to proceed even in the absence y 
external heat. Such a reaction is termed autogenous, 


; —e ired 
In a fluidized bed roaster, the minimum temperature (or the ignition temperature) nag a 
depends on the characteristics of the ore as well as the conditions of ignition (geometry “i 
reactor and fluid flow). The ignition temperatures of some sulphide minerals, as determined unde 
s 


standardized conditions, are listed in Table 4.1. (Ihe values are for oxidation in air, unless other- 


Table 4.1 Ignition Temperature of Sulphide Minerals (°C) 
(after Dwight, 1945)* 


‘A Formula — said — — 
Pyrite FeS; 325 405 472 
Pyrrhotite FesS¢-FezSi7 430 525 590 
FeS 535 
Ni, 73.5; S, 26.7 700 802 886 
Co, 66.37; 5, 33.63 3/4 684 859 
Co, 70.20; S, 29.80 314 751 60.9 
Stibnite Sb,S; 290 340 
| Muly bdcuite MoS, 240 508 
| Cinnabar HgS 338 420 : 
Chalcocite Cu2S ° 430 679 
Bi, 83.3; S, 16.7 500 627 
Mo, 61.01; S, 33.98; 
Fe, 2.02 355 700 
Argentite Ag.S 605 875 
Galena (in oxygen) PbS 354 847 
. Millerite NiS 573 616 
ee ie dak rutile Meecoer OFtiy, Chapurags ne aa tee 
¢ ‘ 
. = “i 
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is slow ae. 
acces Hie sulpburous, gases evolved when a sulphide is roasted arc unsuitable for the pro- { a 
o. 0 ve tric acid becatise they do not contain suflicient SO and SO). { , | 
now discuss ; ea : 2 : , ; 
eseuss some recently developed roasting techniques, namely, flash roasting and fluo- 


solid roasting or fluidized bed roasting. 
EEASH ROASTING 


ee | 
n flash roasti dies . a 
roasting, preheated ore particles are made to fall through a body of hot air, resulting in 


the al Siete Finis’ Bas ieleonersise 
saint ge tystantancous oxidation or ‘fashing’ of the combustible constituents of the ore, mainly ie 
ri mually, a flash roaster was constructed by merely removing intermediate hearths in a j 
; ac ougall type reactor and creating: a large combustible zone. At present, however, a Hash { 
vas +] net : . 4 3 Fi ' 
Fi ge specially designed to ensure a large combustion zone. One such design is shown in 
ab a. fe: 
Finely divided sulphide 
concentrate -} air 
} ‘ 
‘* Combustion chamber’ ’ = 
™ 
Dischargin device ; : 
a Main flue 3 
. ——> i 


Fig. 4.3. Flash Roaster. 


4 
+A00SOLID ROASTING (FLUIDIZED BED ROASTING) 


b 
In fluosolid roasting, the ore particles are roasted while suspended in an upward stream of gas, 


P nin Fig. 4.4. : : 
us come ; L' pasted upwards through a bed of solid particles—small and preferably regular 
; (0,005-0.05 cm in diameter —the behaviour of the bed depends on the velo- 


in size over the range 
city of the gas, 
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Water spray for 
temperature control 


——> Hot gases 


Feed 


Hot calcine 


ke ek hth 


Distributor 


Auxiliary fuel 


Fig. 4.4 Fluidized Bed Roaster. 
hat are usually observed in the case of 2 porous bed 


scribe certain distinct stages t 
d upwards. 


We now de 
ate through which a gas is force 


that rests on a perforated gr 

‘ 

| Stage 1 

“When the ga ry low, and since the bed is porous, the gas permeates the bed with- 

oul disturbin les. In this stage ‘the pressure drop across the bed is proportional to. « 
nce the pressure drop are the 


ate, the other factors that influc 
le shape factor is defined 


the flow rate. : 
void fraction, the par icle size, and the particle shape factor/(The partic 
alent volume divided by the actual surface area.) 


as the surface arca of a sphere of equiv 


upwards due to the effect of the drag forces exerted 


Stage 2 
ses, the bed expands 
drop across the bed depends on the gas velocity. 


As the ges velocity increa 
by the gas stream, In this stage, the pressure 


ge is eventually reached when the pressure drop 


Stage 3 
When the 22s velocity 15 further increased, 4 Sts 


i 
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roaster, the ignition 
Particle oxidizes fast enough to maintain or inercase the a ea a igs coanbow 
temperature values roughly indicate the temperature required for flui a sccamensmley wore’ 
A fluidized bed roaster has a high energy efficiency because itcan be a 


wie hues es has a high SO; 
Further, it is useful in the recovery of sulphur because the gas that it produc 
content. 


a ROASTING (BLAST ROASTING) 


It should be noted that fine ores a 
charged into a blast furnace, 
: of a sulphide ore in a 


nd concentrates have to be agglomerated before they bs = 
otherwise heavy dust losses result. Sinter roasting is the st 
sintering machine where roasting and agelameration take peep ton va 
fancousty. (This is the standard practice for lead sulphide ores, in which case, the fine 
concentrates have to be agglomerated before charging into the blast furnace.) a cna 
Sinter roasting is carried out in a Dwight-Lloyd sintering machine, as shown in Fig. 4.6. i 
fine concentrate is charged asa layer 15-50 cm thick on to an endlessly revolving belt of grates 


’ 

t 

Zone of reaction 
' 

\ 


developed in the 
-like material c 


partial or incipient fusion, which P 
mount of moisture is necessary to 
a ore ats Cr reaches the end of 

the machine, it is dis . es 

€ a uniform Product. 
any fuel to the ¢ 
&Nn oxide ore (e.g. j 


: he case of 
however, fuel has to be added. 
Although a multiple hearth 
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\ 
roasti i i : imited 
— can also be used. However, in the case of copper ores, sinter roasting finds limited 
pplication because a reverberatory furnace can handle fine ores efficiently. 


& SMELTING af 


Smelting isa heating process for the production of a metal or matte. Generally, the process is one 


“i reduction of the oxide of the metal with carbon ‘sulphur/sulphide in a suitable furnace (rever~ \ 
oe furnace, blast furnace, or electric furnace). During smelting it should be remembered N 
that since the gangue in the ore is generally less fusible than the metal, a flux must be added to 4 
form a slag that is casily fusible. The smelting process for metal extraction can be written as 

mineral + gangue + reducing agent + flux = metal matte + slag + £35- 


Some of the general characteristics of a smelting operation are: 


(1) The materials to be smelted are usually charged in the solid state. 


(2) The products of the smelting furnace are in the liquid state; the solid material that 
escapes is the dust that is carried away by the furnace gases. 
(3) The heat required for smelting is usually supplied by external sources. 
Reduction smelting is usually carried out in a blast furnace and matte smelting in either a 
reverberatory furnace or a flash smelter. Both reduction smelting and matte smelting can be 
carried out in an electric furnace. In reduction smelting, the ore is reduced by carbon, in the 


presence of a flux, to produce the molten metal and the slag. Sometimes, reduction is brought 
about by another metal whose oxides are much more stable than those of the metal being 
not used, The sulphide 


extracted. On the other hand, tn matte smelting, a reducing agent is 
itself acts as a reducing agent. In this operation, metal ts not produced; the products being 
molten matte and molten slag. 7 


FLUXES 
In smelting, a flux is used to lower both the liquidus temperatu 


flux is classified according to the chemical type and chosen keep 
chemical nature of the gangue and the properties desired in the slag such as density and viscosity. 
For a siliceous gangue, a basic oxide such as lime is commonly used as a flux and, for a basic 
ic oxide such as silica is used. When the flux has to act mainly as a ‘cover’, 
bonate or sodium carbonate is used as a flux. Oxidizing fluxes such as Na203, 
e.g., NaCN are employed in the metallurgy of precious 
finds specialized application, for example, in fused 


re and the viscosity of the slag. A 
ing in view criteria such as the 


gangue, an acid 
either potassium car 
NaNO; and KNO;, and reducing fluxes, 
metals. A neutral fiux (CaF2 or Na2SO4) 


electrolytic bath. 


SLAGS . 
The two main functions of 2 slag are to collect the unreduced gangue minerals so as to form a 


separate lay¢et in a metal extraction process and to provide 2 medium in which the impurities in 
a meta! can collect during a refining process. (Often, the impurities get partitioned between the 


metal and the slag.) T° effectively fulfil these functions, a slag must possess the following 
propertics: 


(1) The difference between the specific gravitics of the slag and the metal should be suffi- 


ciently high so that one can be easily separated from the other. 
id enough to permit its easy separation from the metal and also to 


(2) The slag must be flu 
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bring about a mass transfer faster (than when the slag is not fluid enough) of the reacting and 
product species. (If a slag is viscous, the loss of metal by entrapment in the slag is high-) 


: G) The slag must have a chemical composition which ensures that the activities of the 
impurities and of the dissolved gangue minerals are low. 


REDUCTION SMELTING USING CARBON 


Carbon occupies a unique position as a reducing agent mainly because it is casily available and, 
at the same time, it is inexpensive. [t has already been shown in Chapter 2 that all metal oxides 
can, in theory » be reduced by carbon, provided the temperature is high enough. 
The reduction of a metal oxide by carbon at high temperatures is often represented as 
MO (c) + C (c) = CO (g) + M(c), (4.23) 
2MO (c) + C (c) = 2M (c) + CO; (g). (4.24) 
As represented by reactions (4.23) and (4.24), the reaction takes place between two solids, namely, 
MO and C. Since this reaction (which is a reductien) is controlled by solid-state diffusion across 
a small area of contact, it is likely to proceed at a slow rate. On the other hand, if the reduction 
takes place in more than one step, ie., if there is an intermediate reaction between a pas and a 


solid, it is likely to proceed faster. The reduction can be represented more accurately than in 
reactions (4.23) and (4.24) as 


MO (c) + CO (g) = M (c) + CO: (g), 


(4.25) 
CO; (g) + C (c) = 2CO (g). (4.26) 
Combining reactions (4.25) and (4.26), we get the overall reaction as 
MO (c) + C (ce) = CO (g) + M (c). (4.23) 


Thus, it would not be correct to state that reduction takes place according to reaction (4.23). 
This would probably be true in the reduction of the most stable oxides, where pco, in the result- 
ing gas mixture would be extremely low. Ata temperature lower than 700°C, the reduction can 
be represented by reaction (4.25). 

The reduction of an oxide by carbon is best understood by referring to the Ellingham diagram 
(Fig. 2.1). Referring back to Fig. 2.1, we observe that the temperatures required for reduction by 


carbon in a number of cases are beyond practical limits. It is just possible to produce manganese 


or, at least an alloy of manganese ({Fe-Mn), in a blast furnace. Metals lying above manganese in 


the emf series form oxides having higher negative free energics of formation and may be reduced 
by carbon but not in a blast furnace. For the’reduction of these more stable oxides, an electric 
furnace is required because it can attain much higher temperatures. 


During cooling (from the reacting temperature) a back reaction may occur, especially when 


the reduced metal is in the form of a vapour, as in the case of magnesium, Some metals, for 
example, zinc, can be condensed in the presence of CO, where the back reaction is limited to a 
preat extent. However, the more reactive metals react with the CO itself when the gas mixture is 


cooled. For example, the back reaction in the case of magnesium has to be restrained by shock 
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cooling. The resulting powder, however, is pyrophoric, i.c., it ignites on contact with air, Some 
alkaline earth metals form carbides, for example, CaC). 

At high temperatures, fresh Problems may arise. For instance, a new stable phase, namely, 
the metallic carbide, may appear. This is sometimes formed when the metal reacts with the carbon 
itself. The formation of carbide can be suppressed if the metal were produced in the presence of 
another solvent metal. To illustrate: the solvent metal, in which a metal M is dissolved, reduces 
the chemical potential of M and pushes the reduction reaction (4.23) to the right, making reduc 
tion possible at a lower temperature. The prenter the dilution, the lower ix the temperature 
required for reduction. For the same reason, carbide formation would be discouraged if M were 
in the form of an alloy, for example, the production of a Be-Cu alloy (with about 4 per cent 
copper) by carbon reduction of BcO. The production of ferroalloys also makes use of the novatie 
tage gained by alloying, Ferrovanadium, ferrotitanium, ferrosilicon, ferroniobium, and other ferro- 
alloys are produccd by the reduction of the corresponding oxide by carbon in the presence of 
iron. Even alloying does not always ensure a carbide-free product. For example, ferrochromium 
normally contains a high proportion of carbon, the composition approaching CrC(Fe). Special 
techniques are, therefore, hecessary to produce low-carbon alloys. 


4.7 METALLOTHERMIC REDUCTION OF OXIDES 


“An oxide is reduced by a metal that forms stabler oxides. Such a metallothermic reaction, carried 
out in an open container or a closed container (bomb), completely avoids carbon contamination, 
Although the principle is similar to that af carbon reduction, metallothermic reduction is usually 
carried out on a small scale and is rarely referred to as smelting. 

The principle of metallothermic reduction can be understood by referring again to the free 
energy diagram for oxides (Fig. 2.1). In theory, a metal that forms a stabler oxide (a lower line 
in Fig. 2.1) would replace metals from less stable oxides (an upper line in Fig. 2.1). In practice. 
however, the reduction would depend on factors such as the reaction rate and the physical pro- Poy 
pertics of the reactants and products. For example, in the thermit reduction 


3 
Su 
FeO; (1) + 2Al (1) = Al,0, (I) + 2Fe {l), (4.27) s 
the products are in a liquid state at the reaction temperature and all the constituents are relatively ‘ 
nonvolatile. Al;O; can be slagged more easily by using another oxide as a flux. A wide difference 
between the densities of the slag and the metal allows a clean separation. However, such a clean 


separation becomes difficult in the case of some other reductions, for instance. the reduction of / 


‘110 by calcium. The reaction is > 


TiO; (c) + 2Ca (g) = 2CaO (c) + Ti (c). (4.28) 
It should be noted that titanium melts at 1670°C. calcium hoils at 1492°C, and 
at 2600°C. A liquid product can be obtained only if these high tempe 
the application of a very high pressure becomes necessary. The final product is normally a mixture 
of solid titanium and CaO; the latter can be leached out and the metal obtained in a powder 
form. This powder can subsequently be melted and thus consolidated. However, during remelie 
ing, sufficient precaution must be taken to avoid oxygen contamination because 
can easily oxidize the titanium metal, rendering it brittle. 

It should be remembered that the free energy 


CaO melts only 
ratures can be attained, ie,, 


any residual CaQ 


diagram (Fig. 2.1) is Plotted for | atm 


| 
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of oxygen, The order of reactivity of oxides can be changed by applying a vacuum. Thus, 

under vacuum, silicon can reduce MgO and aluminium CaO, although the reverse is expected 
under standard conditions. The chemical potential of magnesium is reduced by 17.5 kcal per mole 
' 


at LO00°C by operating at about 0.001 atm, and, at the same temperature and under the 


Same pressure the free energy change for the reduction of MgO by Si is rendered negative (see 
Chapter 6). 


FORMATION OF SLAG 


The reduction of a metal oxide by a metal necessarily results in a more stable, often highly re- 
fractory, oxide. Although carbon reduction does not produce a condensed oxide phase, it releases i 
siliceous material or other gangue materials from the ore to form a refractory oxide phase. It is 
desirable to have a liquid slag so that the metal can be easily separated from the gangue. The 
formation of a liquid slag is facilitated by adding, to the ore, fluxing agents such as quartz and 


i, 

. . ‘ . = 4 

lime, which together with the £angue (the product oxide for mctallothermic reduction), form a .-R 

multicomponent silicate slug with a relatively low melting point. 4 
All silicate melts are viscous. To facilitate their removal, their viscosity should be decreased 


either by adding a suitable basic oxide or by raising the temperature. The effect of adding a basic 
oxide and of raising the temperature can be understood from the structure of molten silicates. 
Due to the industrial importance of metallurgical slags (most of which are multicomponent 
Silicate solutions), the structure and constitution of molten silicates have been investigated, } 
Consequently, several theories on silicate structure have been proposed. It is now accepted that 
silicate melts are ionic in nature. In a silicate solution, there could be metallic ions, free oxygen 
ions, and complex silicate ions of varying sizes, However, there cannot bea silicon ion. A high ‘ 
degree of stability of the Si—O bond requires that every silicon atom always be tetrahedrally | 


coordinated with four oxygen atoms. The viscosity of a slag essentially depends on the bulky, 
less mobile silicate ions, which decrease the overall fluidity. 


STRUCTURE OF SILICATE SLAGS 


Consider now the variation in the silicate solution structure over a range of silicate compositions. 
For simplicity, consider a binary silicate system MO-SiO3. The structure of pure crystalline silica 
is a three-dimensional network consisting of silicon and oxygen atoms (where cach silicon atom 
is tetrahedrally attached to four oxygen atoms) possessing both long-range order and short-range 
order. Therefore, the entire bulk of the material could, in effect, be a huge molecule, i.e., a single 
unit. In molten silica, however, some Si—O—Si bonds rupture due to the effect of thermal energy 
and some depolymerization takes place. The short-range order persists, even though the long- 
range order is lost. In such a situation, the viscosity is very high. 

When a2 basic metal oxide MO (e.g., CaO, MgO) is added to molten silica, the three- 
dimensional network starts breaking. This is attributed to the reaction of the oxygen ions provid- 


ed by the metal oxide with the Si—O bond in the network as shown in reactions (4.29) 
10430): 


} M+ - . 
> so +MO = > so + os (4.29) 
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or 


| 
0 Oo 


| | 
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| Ly «4 | rate 
. ea ee aa see 
| 
O Oo Oo 
| | | 


| 
Oo 
| | | 
=-++-—O-—Si—O—Si—-O- 4+. -O—Si—O—Si—.--- (4.30) 
, 
| 


8) Oo oO 
| | | 


Here, silica (acidic oxide) accepts an oxygen ion and MO (basic oxide) donates an oxygen ion, 
The depolymerization reaction (4.29) essentially shows that as the quantity of the metal oxide 
added (i.¢., the quantity of oxygen ions) increases, the silicate network is broken down intc 
smaller and smaller units. The basic reaction is one that involves doubly bonded oxygen atoms 
in the network (O°), the free oxygen ion donated by MO (O?-), and the single bonded or terminal 
oxygen atoms (O-) in the smaller units produced. The reaction is 
O° -+- O?7- = 20-. (4.31) 
According to Bockris et al. (1955), when a metal oxide is added to molten silica up toa 
concentration of 12 mole per cent, the silicate network breaks down in a random manner. This 
means that three-dimensional bonding would still be present throughout the melt. When more 
metal oxide is added, the network breaks down almost completely to give discrete globular 
anions of the type SisO3~, Si,Ofy, SigOfs, Sis085, and SisO37. The first two structures are now 


shown: 


Si,O$~ . Si,OfS 


When even more metal oxide is added, more oxygen bridges break Finall 
; ay . . - a _— 
MO : SiO; = 2: | (as in the orthosilicate 2MO.-SiO;), the smallest unit SiO’ Ape Fiat gece 
. en 
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further metal oxide is added, free oxygen ions (O?-) become available in the melt. 

From the foregoing discussion, it is obvious that the addition of a basic oxide lowers the 
viscosity of a slag because it leads tu depolymerization and creates smaller flow units, which are 
more mobile. It should be noted that depolymerization can be brought about by raising the 
temperature. Thermal bond breaking is greater at higher temperatures. 


METAL LOSSES IN SLAGS 


A serious complication could arise during smelting if the reactant and product oxides themselves 
form compounds. This possibility exists for an oxide ore that can form a stable silicate itself. 
Although this situation could sometimes be advantageous in producing slags with a low melting 
point, it indicates that.a part of the reactant raw material would be lost due to dissolution in the 
Slag along with the gangue and fluxes, Metal recovery, consequently, would be low. For example, 
during the blast furnace smelting of a lead ore, a significant quantity of PbO may combine with 
silica to enter the slag as a silicate. This PbO loss can be minimized by adding scrap iron to the 
charge. Scrap iron not only reduces some of the PbO itself but also helps recover lead from the 


silicate slag, The reactions can be written as 
PbO + Fe = FeO + Pb, 
PbO-SiO; + Fe = FeO-SiO2 + Pb. 


The reduction of SnQ; also creates a problem similar to that of PbO because the oxide itself 
can form a stable silicate. Consequently, tin cannot be easily recovered, and special multistage 
smelting techniques must be adopted in which the tin-rich slag itself is smelted in various stages. 
The reduction temperature for a tin-bearing slag is around 1250°C as against a much lower 
temperature for SnO; (500°C). Consequently, smelting operations have to be carried out at 
around 1250°C. The metal is also lost as a result of mechanical entrapment in slags. 


CLASSIFICATION OF SLAGS 
Slags used in smelting are sometimes classified according to the silicate degree defined as 


moles of acidic oxygen from SiO; 


silicate degree = moles of basic oxygen from CaO, MgO, FeO, . ..” 


Basic Slags 

According to the foregoing definition of the silicate degree, a basic slag has a silicate degree < 1 
and corresponds to the composition MO/SiQ; > 2. The principal anions in a molten basic slag 
are O?- and SiO%~. 


Neutral Slags 


A neutral slag has a silicate degree = 1 and corresponds to the composition MO/SiO, = 2. The 
principal anion in a molten neutral slag is SiO”. 


Acid Slags 

An acid slag has a silicate degree > | and corresponds to the composition MO/SiO; < 2. The 
principal anions in an acid slag are the chain silicate unions Si;057, SijOl5, the ring silicate 
anions Sir . and the other globular anions, 
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It should be pointed out that in a melt, irrespective of the composition, there exists an 
equilibrium among the various types of anions. For example, some equilibria thatonnexsst she 
O?- + Si,0F = 2Si0f, 


a * x t— . . - 

O* + Si,0is = Si,0$ + Siof-. 

Consequently, some free oxygen ions—although in very small quantities—can be present Ina 
neutral slag and even in an acid slag. 


In industrial Practice, the basicity of a slag is sometimes expressed in terms oe aoe 
number called ‘V ratio’ and defined by the % ratios 


CaO as ‘CaO + MgO ae CaO — 4P30s 
SiO, $10, + Al,0, SiO, 


A basic slag contains a high proportion of lime and an acid slag a high proportion of silica. The 
relative basicity of a slag can be expressed in terms of these ratios. 


4.8 SMELTING FURNACES ; 


The blast furnace has traditionally been the most popular furnace for reduction smelting. Smelting 
of iron ores is the best known example of blast furnace operation. Lead is also almost exclusively 
Produced in the blast furnace. In this case, however, the furnace is much smaller, The imperial 
Smelting process has been developed in England for the simultaneous production of lead and 
Zinc in the blast furnace. While lead is tapped, as is normally done, zine is recovered by dissoly- 
ing the outcoming zinc vapours in a running stream of hot molten lead. Zinc separates from 
lead on cooling. The blast furnace in this case must have special arrangements at the top for the 
collection and dissolution of the zinc vapours. There should also be a provision for the flow of a 
Stream of molten lead which is continuously recirculated after zinc recovery. 

In blast furnace smelting, strongly reducing conditions can be created, but where reducing 
conditions are unnecessary or undesirable, a simpler furnace such as a reverberatory furnace 
should be uscd. Dor cauumple, in tin smuching, tin oxide should be smelted in a reverberatory 
furnace so as to minimize the reduction of the more stable oxide impurities such as iron oxides. 

When very high temperatures are required for reduction and fusion, electric arc smelting is 
employed. A temperature around 2000°C can be easily attained in an electric furnace whereas 
carbonaceous fuels (used in the blast furnace) usually cannot provide temperatures higher than 
1600°C. Therefore, ferroalloys that require very high temperatures for reduction are smelted in 
the electric furnace. Figure 4.7a depicts an iron blast furnace, Fig. 4.7b a reverberatory furnace, 
and Fig. 4.7c a direct arc electric furnace. 

No special furnace is required for the metallothermic reduction of an oxide. The need for an 
external heat source is limited because, in the reduction of an o 
exothermic. Their exothermicity can be enhanced by incorporating 
unit for metallothermic reduction is shown in Fig. 4.8. 


xide, the reactions are highly 
booster reactions, A simple 


FLASH SMELTING 


In recent years, one of the most interesting developments in smelting has been the Slash smelting 
of the concentrates of nickel sulphide and copper sulphide. Flash smelting is 


: : 2 process that 
combines the operations of flash roasting and smelting. The object is to burn the concentrate 


2 ? . 
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Tron ore + coke + flux 


«J 


Charging device 
(double bell arrangement) 


Steel lining 


Refractory lining 


Bosch Bustle pipe 
at et oe et re ee oo for hot blast 
Hearth Slag 
Metal 


+4 
4-5 
co 


Settling zone 


(b) Reverberatory furnace 


Fig. 4.7. Types of Smelting Furnaces (cont.). 
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3 carbon electrodes 


Water cooling 
for electrodes ‘ 
6 So So 


{pb 
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Electrode 
support and 
removal! device 


Tilting device 


{c) Direct are electric furnace 


Fig. 4.7 Types of Smelting Furnaces. 


Stee! reactor 


insulation 


Fig. 4.8 Unit for Metallothermic Reduction. 


(falling through the combustion chamber of a flash smelter) with oxygen or preheated air blown 
in with the concentrate. Sufficient heat is generated to form a matte and a slag which settle into 
the hearth. 
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i ; ad .- . 
__[n flash smelting, enriched Preheated air or pure oxygen is usually used instead of air to 
ein the combustion rate and to maintain autogenous smelting. The gases coming out of the 
urn 


ace are very rich in SO: (due to the high combustion rate) and can be profitably used for sul- 
Phuric acid manufacture. A flash smelter is illustrated in Fig. 4.9. 


Sulphide 
+- flux 


i + flux 


Oxygen or 


Auxiliary * Sulphurous 
preheated air 


fuel gases 
+ oxygen 


Reaction 
zone 


Settling zone 


Fig. 4.9 Flash Smelter (after Gilchrist, 1967), 


Flash smelting, like flash roasting, can be made autogenous, provided the exothermic heat 
and the sensible heat of the incoming feed materials combine to exceed the beat lo 
when air is used as an oxidant, it has to be preheated. For oxygen-enriched air, the required 
preheating would obviously be lesser. For flash smelting with air, the extent o 


f preheating 
required can be easily calculated by performing a mass and energy balance. We now give a 
f simple example. 


sses. Generally, 


Let us assume that the concentrate used for flash smelting has the com 
(CuFeS:) 66 per cent; pyrite (FeS;) 24 per cent; and gangue (SiO2) 10 percent. Let us also 
assume that flash smelting produces a copper matte containing 70 per cent Cu, & per cent Fe, 
and 22 per cent S and a slag containing 40 percent Fe. The matte, slag, and gases leave the 
furnace at, say, 1300°C, 

To begin with, we must know the compositions of all the phases involved in the smelting 
operation. Their compositions can be easily obtained from mass balance calculations. To calcu- 
Jate the amount of oxygen required, we should know both the quantity of sulphur oxidized to 
SO; which does not enter the matte phase and the quantity of oxidized Fe which enters the slag 
phase as FeO. Calculations are based on the smelting of 1000 kg of ore concentrate and it is 
assumed that the relevant reactions are given by (4.32)-(4.34) as described for the heat balance 
calculations, From reactions (4.32)-(4.34), we see that 57.4 kg of oxygen are required to oxidize 


position: chalcopyrite 
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wt Ve Reese on 660 kg of CuFeS, and 64 kg of oxygen are required to oxidize the free 

into the matte, F é ie Fes. We also note that 492 kg of FeS are formed of which 41 kg go 

by (4.35), 246 k ne oxidizing the remaining 451 kg of FeS, according to the reaction represented 

258 m? (STP a Of oxygen are required. Therefore, the total oxygen requirement is 367.4 kg or 
). The results of the mass balance are diagrammatically shown now: 


Basis: 1000 kg ore concentrate 


SiO, = 100 kg 
FeS, — 240 kg 


CuFeS, = 660 kg Fluxes 


Smelting unit 
Slag = 713 kg 
(FcO = 368 kg 
SiO; = 100 kg 
Fiuxes = 247 kg) 


SO = 200 m’ (STP) 
Na (if air is used) = 
972 m) (STP) 


Oxygen = 258 m? (STP) 


Matte = 326 kg 
(Cu = 228 kg 
Fe = 26 kg 
S = 72 kg) 


{Equivalent air = 1230 m’ (STP)} 


We next proceed to make an inventory of the heat input and output on the basis of thermo- 
chemical data available from standard sources. To calculate the heat balance, we assume that 
CuFeS2 and FeS; first dissociate to give FeS and S.(g), which subsequently burn with the oxygen 
supplied to produce oxides of iron and sulphur. The dissociation reactions are 


2CuFeS; = Cu;S + 2FeS + $52, 4H = 18.63 kcal, (4.32) 

FeS. = FeS + }S:, AH = 15.98 kcal, (4.33) 
The free sulphur vapour, on oxidation to SO;, generates heat according to the reaction 

4S2+0.=S0., 4H = —70.9 kcal. (4.34) 
The total heat absorbed by CuFcS; and FeS; for decomposition is 

650.000 )18.63 + een 5.98 — 65,500 kcal. 


The total heat evolved due to the oxidation of sulphur is 
1000, 32 32 \40)1(70.9) = 270 
Fr Mag + Gap240K709) ,000 keal. 


Hence, the net heat produced during sulphur oxidation is 
(270,000 — 65,500) keal = 204,500 kcal. 
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ize the free The oxidation of FeS can be written as 
1 41 kg go FeS +40;=FeO+S0;,, 4H = —112.45 kcal. (4.35) 


ated M es 
67.4 kg or atte contains 26 kg of Fe or 41 kg of FeS and the remainder is oxidized to FeO. By mass 

balance, the tota) weight of FeS is 451 kg (Fe = 286 kg) and the heat evolved on the oxidation 

; of FeS is (451,000/88) 112.45 = 577,000 kcal. The FeO formed in reaction (4.35) reacts with SiO; 
to form a slag FeO.SiO; according to the reaction 

FeO + SiO; = FeO.SiO;. 

Suppose this reaction liberates 100 kcal of heat per kg of iron, then, the heat liberated duc to 
slag formation is 28,600 keal. Thus, the total heat liberated is (204,500 + 577,000 + 28,600 =) 
810,100 kcal. 

i It is acetimed that all reactions occur at 25°C and the products of the reaction are heated to 
the final temperature by the heat generated by the reactions. 

To estimate heat losses, we assume that the matte, slag, and gases, among them, carry away 
the entire heat generated in the furnace at 1300°C. In practice, the heat from the furnace that 
escapes into the atmospherc also must be taken into account. We now give some estimates of heat 
losses (based on the values available in the literature): 


Hyxorce — Hasse (matte) = 222 kcal/kg, 
Fiywec -— His (sleg) — 340 kcal/kg, 
Hiyec — Arse (SO2) = TI4 keal/m3, i 
Hixec — Hoc (Nz) = 445 kcal/m?. ’ 


= 


Thus, 
f thermo- heat lost through matte = 222 x 326 = 72,300 kcal, 
sume that ' heat lost through slag = 340 x 715 = 243,100 kcal, 
ee heat lost through SO, = 200 x 714 = 142,800 keal, 
heat lost through Nz = 972 x 445 = 432,500 kcal. 
Assume that heat Joss through radiation and convection is 100,000 kcal. Therefore, the total heat 


(4.33) loss is 990,700 kcal. 
The heat balance is shown as: 


= 


“> 


(4.34) “4 — at a 

Oxidation of sulphur 204,500 Lost through matte 72,300 
Oxidation of FeS 577,000 Lost through slag 243,100 
Formation of slag 28.600 Lost through SO; 142,800 
Lost through N; 432,500 

Lost duc to radiation 
and convection 100,000 
Total 810,100 Total 990,700 


Therefore, the heat deficit is (990,700 — 810,100 =) 180,600 kcal. 
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This deficit can be made up by preheating the air used for combustion. The heat deficit per m? > 
air = 180,600/1230 = 146 kcal. Thus, every m? of air input must be supplied with 146 pape 
heat prio: to reaction. It air is preheated to 458°C, this enthalpy is made up and the total heat 
input is 990,700 kcal. It should be noted that the heat carried away by gases is (575,300/990,700)100, 
i.¢., S8 per cent of the total heat input. The gases that come out of the furnace, therefore, 
have sufficient heat to preheat the incoming air. This heat should be utilized by employing a 
Suitable heat recovery unit. We may thus conclude that theoretically there is no difficulty in carry 
ing out autogenous smelting. Starting with a rich copper concentrate, we should obtain a 
relatively rich matte. The grade of the matte can also be controlled by regulating the amount of 

- air or oxygen, whichever is being injected. 


‘/- 4.9 MATTE SMELTING 


In the extraction of a metal from a sulphide ore, an important method used involves the produc- 
tion of a liquid matte from the ore and its subsequent conversion to the metal. In matte smelting, 
the sulphide ore is fused with a flux to produce a molten mixture of sulphides known as a matte. 
The gangue materials pass uff into the slag, Which Is immiscible with the matte, Le., 1 forms a 
separate layer. Some sulphur is lost in the furnace gases as SO; or SO,, In this sense, for a sulphide 
ore, matte smelling is a thermal concentrating process.. 

A matte is a metallic sulphide solution that contains minor amounts of oxygen and, sometimes, 
some metal too. A matte exhibits a high electrical conductivity comparable with that of a metal 
and has a density in between the density of the metal and that of the slag. Mattes, in general, 
are insoluble in the metal and slag phases. Thus, in some processes three distinct layers, namely, 
slag, matte, and metal are produced. A matte is an excellent solvent for some impurity metals, 
especially for valuable traces of precious metals. 

Matte smelting, which is usually carricd out in a 1cverberatory furnace, follows a roasting 
i. operation. Roasting first reduces the sulphide content of an ore in such a manner that subsequent 

smelting with a suitable flux produces a matte of the required grade. It should be noted that 

roasting brings about only the partial oxidation mainly of FeS and FeS; to FeO, which would 

pass off into the slag phase. 
= Matte smelting is adopted in the extraction of copper, nickel, and, sometimes, antimony. 
} The common ores of these metals contain sulphide minerals including FeS. During roasting, prior 

to matte smelting, the sulphides of iron are oxidized more easily than those of copper and nickel. 
t The oxidation of, say, Cu2S or Ni;S) can be avoided by controlling the oxidation of the ore so as 
to produce anly FeO and not Fe,Q, and Fe,Q,. This is necessary bevause the higher oxides of iron 
do not pass off into the slag easily and are thus difficult to remove. Copper is subsequently 
recovered from the mette by a process known as ‘converting’ in which air is blown through a 
side-blown converter. Initially, the residual FeS is oxidized and slagged out, Subsequently, the 
sulphides of copper are converted to metallic copper. For a nickel matte the Stovedure is 
somewhat more complicated. (Matte smelting of copper and nickel is discussed in detail in 
Chapter 7.) 


4.10 REDUCTION OF HALIDE BY ANOTHER ELEMENT 


A number uf rare and reactive metals are produced by the reduction 
metal. The basic reaction is 


MX, + M’ = M’X, + M, 


—— 


of a halide by another 


(4.36) 
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where M and M’ are two different metals, X is a halogen (usually Muorine or chlorine), and ” 
the number of atoms of X, Earlier, reaction (4.36) had been the basis for the extraction of reac- 
tive metals. Presently, however, this method is almost exclusively employed only for a few 


metals, for example, titanium and zirconium. Kroll’s process employed for the reduction of a 5 
halide using magnesium is an example of this method. The reaction is 
; TiCl, + 2Mg = 2MgCl, + Ti. (4.37) 


In reaction (4.37), sodium may be used instead of magnesium. 

_The principle of halide reduction can be understood from a chloride free energy diagram 
(Fig. 4.10), which is similar to that relating to oxides (Fig. 2.1). Figure 4.10 is drawn for the 
formation of chlorides from | gm mole of chlorine for each of the reactions represented. In this 
figure, elements such as Na, K, Li, Ca, and Mg appear at the bottom because their halides are 
very stable. These metals are, therefore, excellent reducing agents. 

The melting, boiling, and sublimation points of the chloride are designated as M, B, and S, 
respectively, and those of the metals as M’, B’, afd S’, respectively. The reversible decomposition 
voltage E, given by 4G? = —ZFE, is indicated on the left-hand side of the figure. The position 
of the line for CCl, clearly shows that carbon is not a suitable reducing agent for chlorides. 

The lines for most chlorides have an upward slope, whereas the HCI line has a slight down- [. 
ward slope. This shows that hydrogen becomes a slightly better reducing agent at higher temper- ; 
atures. Hydrogen can reduce all metallic chlorides whose lines lie above the HCI line, provided 
all the substances involved are in their standard states. Those metals whose chloride lines lie 
below the HCI line, when made to react with HCI gas, are converted to chlorides under standard 
conditions. 

Halides usually have relatively low melting and boiling points which account for the interest 
of metallurgists in halide systems. If the metal produced at the reduction temperature is itself in 
a liquid state, then a clean liquid-liquid separation of the metal and slag is easily obtained, for 
example, 


UF, + 2Ca = 2CaF; + U. 


- However, the melting points of reactive metals are generally high and these metals may be 
obtained in the form of a solid entrapped in a mass of slag. The situation is sometimes improved 
by incorporating booster reactions during bomb reduction so as to provide sufficient exothermic 
heat to melt the whole charge and thereby obtain a clean separation. 


-Soen 


4.11 HALIDE METALLURGY AND HALOGENATION 
_ Halogens, particularly chlorine, are beginning to play an increasingly important role in extrac- 
tion processes. Since halides are seldom found as natural ore deposits on land, they are produced 
from naturally occurring minerals by halogenation. The most commonly used halides are chlo- 
' rides and fluorides. A chloride is preferred to a fluoride because it is less corrosive and is normally 
easier to handle. On the other hand, many chlorides are hygroscopic whereas fluorides are not; 
therefore, in some processes, for example, fused salt electrolysis, fluorides are preferred to chlorides. 
Halogenation, particularly chlorination is carried out to achieve one or more of the objectives 
now listed: | 
(1) ‘Opening up’ of relatively complex minerals and the recovery of the metallic values. 
(2) Beneficiation of low-grade ores to yield the metal halide, either in the vapour state or in 
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Reversible decomposition voltage E° 
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Temperature *C 


SaCh + Ch 
= SnCl. 


H, + Ch, =2HCI 


_ 2Crch, + Ch 
1.2 = 2CrCls 


iBi + Ch: =4BiChh 


i Ca + Cl, — CaCl, 


3Si + Ch; = 4SiCliry 
Son + Cl; = SnCl; 


Cd + Ch = CdCh 


gTi + Ch = §TIC. 
1.8 
Cr + Cl; = CrCls 


Zn + Cl, = ZnCl: Y 


Fig. 4.10 Free Energy of Formation of Chlorides (after Kellogg, 1950) (cont.). 
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Temperature *C 


WG 


P44 
ea, te cl: = MnCl, 


- 4G keal per gm mole of chlorine 


Fig. 4.10 Free Energy of Formation of Chlorides (after Kellogg, 1950). 
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the condensed State. A chloride can be effectively separated from the gangue materials and 
Processed for the production o 


f the wmctal. Many metallurgical wastes can also be ellorinated for 
subsequent metal recovery, 
(3) Producti 


: on of pure halides of reactive metals from which oxygen-free metal can be 
obtained. Reactiv 


€ metals such as U, Th, Ti, Be, and Zr, if produced from oxides, may contain 
appreciable quantities of oxygen which is detrimental to their properties. The probicm is laiycly 
solved by employing a halide route for extraction. (A metal can be produced from a halide by 
Varlous processes, for example, the metallothermic reduction of a chloride, fused salt electrolysis, 
and the vapour transport Process. These processes are discussed in detail in chapters dealing with 
the extraction of individual metals.) 


(4) Refining of crude metals, 
Examples of the uses of halogenation 


in refining reactions are discussed later in this chapter. 
We now consider the 


foregoing objectives in a little more detail, with particular reference to 
chlorination. Chlorination Processes can he ranveniently categorized into three types, namely, 
chloridizing roasting, chloridizing volatilization, and chlorination in fused salts. 

In chloradizing roasting, the ore is roasied with common salt and the solid chloride is 
Tecovered by leaching. This method is ideal for a sulphide ore where the roasting reaction is 


autogenous For an oxide ore, the roasting reaction is facilitated by the addition of elemental 
sulphur. The reactions way be writen as 


2NaCl + MS + 20, = Na,SO, + MCI, 
4NaCl + 2MO +S, + 30, = 2Na2SO, + 2MCI. 


(4.38) 


(4.39) 


Reaction (4.39) can also represent the chlorination of a carbonate that decomposes on heating. 


Sulphates and silicates may decompose sodium chloride by the direct interchange of the elements 
and radicals without the addition of sulphur. 


In chloridizing volatilization, chlorination is carried out at temperatures telatively higher than 
in chloridizing roasting, and the chloride is recovered by volatilization. The elimination of the 


reaction products is particularly easy in the case of highly volatile chlorides such as those of Zt, 
Ti, and Be. Special problems may be encountered if a metal has a variable valency. For example, 


chlorination of chromium ores tends to produce both CrCl; and CrCl;. The boiling point of CrCl, 
(1302°C) is higher than that of CrCl, (943°C), 


and the fusucr may piug up the chlorinator, if 
chlorination is not carried out at # sufficiently high temperature. The problem is solved by using 
a slight excess of chlorine at 1000°C so that only CrCl; is produced. 

Many chlorides are susceptible to oxidation by air or oxygen, 
tures. The susceptibility to oxidation of some chlorides at red 
several workers. The chlorides may be arranged in an increasing order of Susceptibility as follows: 
AgCl, HgCly, PbCl2, CdClo, CaCl;, LiCl, MnCl, Cu-Cl,, 2nCl;, SnCh, NiCI, FeCl, MgCl, 
CrCly, SC, TiC, ZCh, AlCh, and SiCl. Many of these chlorides ere also strongly hygro- 
scopic and readily react with the moisture in sir. During chloridizing volatilization, Oxidizing 


conditions usually prevail due to the presence of O., CO,, and 41,0 in the combustion Bases, and 
only the most stable chlorides can be prevented from oxidation, + 


Chiorination in a fused salt bath proves useful when the meta! chi 
and cannot possibly be introduced into an electrolytic cell withou 
due to water. fa situ chlorination of a dry oxide in the electrolytic ce 


especially at clevated tempera- 
beat has been investigated by 
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and avoids undesir i 
able current losses. In some electrolytic processes, 2 metal chloride is produced 


fi 3 | 


The sign and magnitude of the free energy changes of reactions (4.42) and (4.43) and, con- 
sequently, the ¢ 
between the standard [ree energies of formation of the oxide/cbloride pairs. 

The direct chlorination of stable oxides such as MgO, Cr:03, and Al;Q; is not thermodynami- | 
cally feasible unless reduced pressures are continuously used to remove the chloride vapours as 
they are formed at high temperatures. | 

In general, a sulphide can be directly chlorinated more easily than an oxide as the former reacts 7 
at very low temper 
itself condense during the 
This contamination can b 

Where direct chlorination is not t 
case of very 
reduction chlorination, car 
such as S, CO, and H2 have been tried out. 

Free silica by itself is not chlorinated at a temperature below 1000°C in the presence of carbon, 
whereas silicates such 
- Reduction chlorin 
reducing agents. For instance, 
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DIRECT AND INDIRECT CHLORINATION 4 


praca 8. chief types of chlorination Teactions, namely, direct chlorination and indirect oF 
iE ern unl nee aE VaR Direct chlorination is brought about by chlorine alone whereas reduction 
chlorination involves some reducing agents as well. : 

The formation of a metal chloride, usually from an oxide, in the range 700-—1000°C, depends on 
whether or not the metal has a greater affinity for chlorine than for oxygen under the prevailing 
experimental conditions. In other words, the free energy change for the reaction 


MO (c) + Cl, (g) = MCI: (g) -+ 40:2 (g) (4.40) 


Pn a 


should be negative. If this condition is not fulfilled, then, reaction (4.40) must be aided (so that # 
it can proceed in the forward direction) cither by continuously removing the reaction products or ii 
by using a reducing agent such as carbon, which would lower the chemical potential of oxygen. ; 
Reaction (4.40), for the second situation, may be rewritten as 

MO (c) + C (c) + Cl: (g) = MCI; (g) + CO (g). (4.41) * 


Using the available free energy data in the literature, we can show that the chlorination of : 
all the commercially important metal oxides proceeds almost to completion under normal indus- ' 
trial operating conditions where, in most cases, the temperature is between 500°C and 1000°C. a 

We now consider the use of hydrogen chloride and other metal chlorides as chloridizing | 


agents. The reactions are “4 
MO (c) + 2HCI (g) = MCI: (g) + 0 (8). (4.42) { 
MO (c) + M‘Cl: (c) = MCI2 (g) -+ M’O (c). (4.43) 


xtent of chlorination at equilibrium, are largely determined by the differences 


pci oscil beeeeeediian! 


atures. The vapours generated, however, generally contain $;Cl;, which may j 
condensation of the metal chloride vapours and contaminate the product. 
e avoided if the metal chloride is in the condensed state. 
hermodynamically feasible under 1 atm, for example, in the ; 
stable oxides such as T:Q; and ZrO;, reduction chlorination is resorted to. In 
bon is the most effective reducing agent, although other reducing agents ’ ‘4 


as clay and zircon, when mixed with carbon, are readily chlorinated. 
ation can also be carried out using higher valency chloride compounds as 
compounds such as FeCh, CrCl, CuCl, WCls, TaCls, TiCl,, and ; 
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NbCls can be used in association with reducing agents such as H2S, CO and those metals which 
reduce these compounds to lower chlorides and release the chlorine necessary for chlorination. ' 

A inctallic sulphide ean be converted to a chloride by treating it with chlorine or HCI gas sig 
a neutral of reducing atmosphere. The presence of a reducing agent normally enhances the chlori- 
Nahon tate, Many sulphide ores may be amenable to xclective chlorination. 


BENEFICIATION OF LOW-GRADE ORES BY HALOGENATION 


The treatment of low-grade ores by chlorination aims at cither the removal of undesirable consti- 
tients in the form of volatile chlorides by selective chlorination or the recovery of the metallic 
values also in the form of volatile chlorides. ‘The upgrading of minerals such as ilmenite and 
chromite is brought about by the selective chlorination and volatilization of the iron oxide 
impurity, Beneficiation by chlorination is necessary because, in these minerals, iron is present in 
chemical combination with the desired metals and cannot be eliminated by the conventional ore 
dressing methods, 
During chlorination and the subsequent elimination of iron oxide, the aim is to produce only 
FeCl, whigh has a low boiling point (319°C). Chlorination may also produce the less volatile 
FeCl; (boiling point 1026°C), which tends to choke up the chlorinator, Chlorination carried out 
With a slight excess of chlorine markedly decreases the production of FeCl;. For example, during 
the chlorination of ilmenite by HCI gas, the formation of FeCl, may be drastically reduced, 1.€., 
from 74 per cent to 1.5 per cent by introducing along with the HCI gas a small amount of air 
(2.8 per cent). 
Numerous studies on the selective chlorination of ilmenite have been conducted. These refer 
to direct chlorination, reduction chlorination using C, CO, and Hz as reducing agents, and the 
use of CCl, and HCI also as reducing agents. Several studies have also been conducted on 
r upgrading chromite by the selective chlorination of iron oxides in chromite. : 

Selective or differential chlorination is used for recovering commercially useful metals from ‘ 
low-grade ores such as those of tin, manganese, iron, vanadium, nickel, and tungsten. Differential 
chlorination is successfully employed for recovering, from monazite, rare-earth metals, thorium, 
and phosphorus. 

Manganese has also been recovered from low-grade ores and slags through chlorination. 
Chlorination in this case yields chloride vapours which contain both manganese and iron. Addi- 
tional processing is, therefore, necessary for the climination of iron. This can be achieved by the 
selective condensation of the chloride vapours based on the wide difference in the b ’ 
of MnCl; and FeCl; which are 190° and 319°C, respectively, 
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REFINING OF METALS BY CHLORINATION 


Although Chapter § describes in detail various methods of refining nonferrous metals, a brief 

reference, at this stage, to the role of halides in a refining operation is considered appropriate ' 
Selective chlorination can be effectively used for refining many crude metals. For saeass le 

the Betterton process for refining lead, which uses either chlorine or PbCh: ix Uastd oo ie 5 

preferential chlorination of the main impurity zinc at about 350-400°C. The Goldschanit opoce e 

for deleading tin, which uses fused SnCl;, employs selective chlorination of lead in Pb.sn é ess 

at around 250-260°C, SnCl; is reduced to tin by Icad which forms a more stable chlorid = 

excess SnCl, may be subsequently recovered as volatile SnCl, by chlorination. ride. Any 
Gold bullion can also be refined by chlorination. During chlorination, gold remains unaffected 


—_ 
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while silver, lead, copper, antimony and other impurities are casily chlorinated and removed. 
Further, Mg can be removed from Al using AICI, Zr from a Fe-Zr alloy using FeCl, Cu from a 
Cu-Ni alloy using NiCl;, Fe from a Fe-Ni alloy using NiCl;, Fe from a Fe-Ca alloy using CaCl, 
Pb from a Pb-Cu alloy using CuCl, and Zn from a Zn-Cu alloy also using CuCl. 

There are also numerous methods in which an intermediate halide vapour is used in metal 
refining. These methods, often called vapour transport refining processes, are discussed in Chapter 5. 
In Chapter 8, the metallothermic reduction of halides and the fused salt electrolysis of halide 
baths are discussed in detail. 


4.12. PYROMETALLURGICAL PROCESSES USING VACUUM 


Vacuum techniques found large-scale commercial application in the metallurgical field during the 
First World War, i¢., when the Germans applied vacuum for degassing stecl and purifying 
certain metals and alloys. Presently, vacuum is widely employed in an increasingly large number 
of operations used in the extraction and refining of metals. The newer metals such as Ti, Ge, 
Ta. Nb, and Zr have imparted a new impetus to vacuum processing because they possess, at 
elevated temperatures, a high affinity for hydrogen and nitrogen. Vacuum has also found uppli- 
cation in various other processes such as the distillation of metals and alloys, melting and casting, 
various heat treatment processes, sintering of metal powders, the deposition of a metal from its 
ate, and joining of metals by brazing and welding. Here, although the emphasis is on 


vapour st 
tal extraction, a brief discussion on some other uses of vacuum 1s also 


the use of vacuum in me 
included to bring out the similarities among the basic principles. 
Reactions that are favoured by the application vacuum can be classified as follows. 


Thermal Reduction 


R (c, 1) + MA (c, 1) = RA (c¢, 1) + M (g), (4.44) 
R (c, 1) + MA (c, 1) — RA (g) + M&, 1). (4.45) 
Thermal Dissociation 
MA (c, 1) = M (g) + A (e, 1), 
(4.46) 


MA (c, 1) = Mfc, I) +A (z). 
In reactions (4.44)-(4.46), R is a reducting agent and A is an acid radical, ¢.g., sulphur, oxygen. 


Sublimation or Distillation 


M (in solution) = M (g). (4.48) 


The equilibrium of each of the reactions (4.44)-(4.48) can be shifted by manipulating the 
he use of vacuum helps in eliminating that reaction product which is 


pressure parameter. T 
volatile, thus driving the reaction towards compiction. The pressure plays a decisive role in that 


it changes the free energy-temperature relationships, 
The thermal decomposition of oxides under vacuum does not offer any possibilities for metal 


This is because most oxides require a very high degree of vacuum and high tempera- 


extraction. 
relatively unstable oxides such as those of mercury and silver could be decomposed 


tures. However, 
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by applying a vacuum. In both these cases, the metal would have a high vapour pressure at 
the temperatures required for decomposition, and, consequently, the problem of back reaction 
rt arises. Despite these difficulties, vacuum proves useful in the metallothermie reduction of oxides. 
| In recent years, both the vacuum dissociation and the reduction of sulphides have been 
investigated. It has been experimentally shown that zinc sulphide can be directly reduced by oe 
i at 1000°C under a vacuum of about | mm mercury. This reduction offers interesting, possibilities 
because the roasting and reduction stages are avoided, the metal being produced in a single stage. 
It is also possible that vacuum influences the metallothermic reduction, by ron, of some other 
sulphides such as PbS and HgS. 
Apart from sulphides, vacuum can be used also for the dissociation and reduction of halides, 
hydrides, and nitrides. However, such processes have not yet found application in industry. 
When vacuum is applied, distillation and sublimation take place at lower temperatures. As a 
result, vacuum has found application in tanium and zircomum metallurgy where the crude metal 
sponge is separated from residual magnesium and magnesium chloride by vacuum distillation. 
We now Giscuss some uctual processes wlinie vacuum can play a nseful role. 


REDUCTION OF OXIDE BY CARBON 


In the reduction of an oxide by carbon, the volatile reaction products CO and CO; lead to an 
iiumicase in the number of gascous molecules in the metal-carbon system, and the forward reaction 
is favoured by lowering the pressure. For example, consider, at 1200 K, the reaction 


Nb;O: (c) + 5C (c) = 2NbB(c) + SCO (g), 4G? = 68.85 keal. (4.49) 


In reaction (1.49), the positive free energy change 4G° indicates that the forward reaction is nat 
favourable when the reactants and products are in the standard state, i.c., at 1 atm. The 
necessary degree of vacuum required can be calculated by the procedure now given. We know 


4G? = —RT In kK, 


. 
68.85 x 10° = —4.575 x 1200 log PCO? ny 


ANb,0,* ec 


Here, a is the activity and peo the partial pressure of CO. Assuming the activitics of Nb, Nb2Os, 
and C to be unity, pco is found to be approximately 3 x 10? atm or 2.28 mm Hg. Thus, the 
reaction is made feasible by using a vacuum better than 2.28 mm Hg. 

On the other hand, during the reduction of a metal oxide by either hydrogen or carbon 
, monoxide, the number of gascous molecules in the system remains unchanged. For example, 
, consider the reactions 


WO; (c) + 3H2 (g) = W (c) + 3H20 (g), 


(4.50) 
FeO (c) + CO (g) = Fe (c) + CO) (g). 


(4.51) 


et . e 
_—~ 


Vacuum would baye no effect on the cyuilibria of these two reactions. 


METALLOTHERMIC REDUCTION OF OXIDES AND HALIDES 


During metallothermic reduction vacuum would aid the reaction only if there is an iievese Taihe 


. : al 
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GENERAL METHODS OF EXTRACTION 165 
number of gaseous molecules. Consider the reactions 
TiCl. (g) + 2Mg (1) = Ti (c) + 2MeCh (1), (4.52) 
SiCla (g) + 22m (g) = Si (c) + 2ZnCl; (I). (4.53) . 
In reactions (4.52) and (4.53), vacuum would obviously have an adverse effect on the equilibrium. 


Howev : 2 ; 
“Fy some metals have been successfully produced by the metallothermic reduction of the 


meta i i i 
I oxide or the Oxygen-bearing compound when the reactants are in a condensed state. We 
now give examples of such metals. 


Magnesium (Pidgeon Process) 


2(Mg0-CaO) + 3(FeSig) ae 2Mg (g) + $Fe + 2Ca0.SiO3. (4.54) 
Calcium 
1100-1175°C 
6CaQ seen ey 
+ 2Ai 0.005-0.1mm Hg 3Ca (g) + 3C20.-A1;05. (4.55) 
Lithium 


1050-11 50°C 


6LiOH + 4 ila 5 r 
i + 4Al + 6Ca0 [01 aa 6Li (g) + 2(3Ca0-Al,0;) + 3H: (g). (4.56) 
? . 10S0-11$0°C ; : 
LiAl(SiO;); + Al ieee Raa he Li (g) + Al2(SiO;), (4.57) 
Barium 
10$0-1200°C 


Under vacuum, it is also possible to reduce the oxides of Pb, Zn, Mn, and Bi with silicon. How- 
ever, the conventional methods are much cheaper than reduction under vacuum. 


DEGASSING OF SOLIDS 


Suppose an iron sample is to be degassed so that it contains only 0.0001 wt % hydrogen at 
000°C. It is given that at this temperature the solubility of hydrogen in iron is 0.0005 wt &% at 
] atm. According to Sievert’s law, hydrogen dissolves atomically and the equation representing 
the dissolution of hydrogen (with a different standard state for hydrogen as discussed in Section 
2.13) is 


H: (g) = 2H, (4.59) 
where H denotes dissolved hydrogen. For reaction (4.59), 
K= (% HY 
PR, 
Since the solubility of hydrogen in iron has been given as 0.0005 wt % at 1 atm, we get 


K = (0.0005)?. 


— ae 


tee 
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If py, is the partial 


: Pressure of hydrogen that is in equilibrium with 0.000! wt % hydrogen in 
iron, then 


K = (0.005)? — £0-0001)? 
Pry 


ee 
ae 


Therefore, when the pressure over the iron sample is reduced below 30.4 mm Hg, the hydrogen 
content can, in principle, be brought below 0.0001 wt %. This pressure can easily be attained by 
employing a simple vacuum system. In such a situation, the degassing would, however, be slow 
Decause the hydrogen has to diffuse through a solid medium. 


DEGASSING or LIQUIDS 


IY 


The required degree of vacuum for degassing of liquid metals and alloys is calculated on the 
Assumption that the gas in equilibrium with the liquid comes from only one source, namely, the 
liquid in which it has been dissolved. It should be noted that for the solid a uniform pressure 
throughout the system is assumed. For the liquid, however, the pressure varies along the depth 
of liquid metal bath because of a metallostatic head. Therefore, the value obtained is valid only 
if the bath is well-stirred, as would be the case during induction heating. (Stirring would also 
help speed up the degassing.) If the gas dissolved in the hquid forms compounds such as 


Nitrides, the vacuum must lower the pressure to a value below the decomposition pressure of these 
compounds. 


DEOXIDATION OF LIQUID METALS 


The deoxidation of liquid metals, in many cases, may be made more efficient by applying a 
vacuum. For example, consider an iron alloy that contains 0.1 per cent carbon and is melted 
under a pressure of 10‘ atm. If at all deoxidation occurs, it would be according to the reaction 


C + O = CU (g), (4.60) 
where C and O denote dissolved carbon and oxygen, respectively. For reaction (4.60), the equili- 


brium constant at 1600°C is about 420. Assuming the activity coefficients of the dissolved carbon 
and oxygen to be unity, we get 


10-* “ 
[% Q1 = gagezq = 2-4 * 1° 6. 


This value of the oxygen content shows that the deoxidation has been very effective. 
Vacuum would have no beneficial effect on deoxidation by hydrogen because the number of 
gascous molecules would remain unchanged. 


MELTING 


Metals are often melted in an oxide refractory crucible or a furnace lined with an oxide refractory 
material. The metal-refractory reactions are, therefore, of considerable interest to the process 
metallurgist. It is, therefore, worthwhile to examine the influence that vacuum can possibly have 
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on such reactions. Let us consider the reaction 
2Si02 (c) + Ti (c) = 2SiO (g) 4- TiO; (c), 


for which the standard free energy change at 1600°C is about 4-3800 cal, Using the farmula, . 
| 4G? = —RT In K, we get 


(4.61) 


-=-- 


> ne «a 

, BSiO° CTO. = 0.36 
Brit Asio, 

the activity. Now, when an alloy containing 

a silicate containing 

activity of the T:0; 


where p is the equilibrium partial pressure and a 
titanium (a7; = 0.0014) is melted in a refractory crucible whose lining is 
e* . . 
SiO: (usio, = 9.2), then, using the foregoing equation and assuming the 
j formed to be unity, we get 


Psio = (0.36 x 0.0014 x 0.04)"7 = 0.0045 afm or 3.42 mm He. 


Lhus, the equilibrium pressuic in the system is 3.42 mm Hg. A pressure below this value would 
result in the constant removal of SiO from the system as well as the loss of titanium. Vacuum 
melting, therefore, cannot ensure oxygen-free metal unless a refractory More stable than SiO: 1's 
found. Even if the pressure were normal, reaction (4.61) would continue to proceed if the system 


owed to establish an equilibrium pressure, i.¢., it is allowed to escape. 


were open and SiO not all 
is melted in an alumina crucible, the relevant 


However, when the same titanium-containing alloy 
reaction is 
21:03 (c) + Ti(c) = $l (I) + TiO: (0), 


denotes titanium in alloy. One of the reaction products, namely, Al may form 4 solu- 
600°C is found to be about 


a 


(4.62) 


where Ti 
tion and the standard free energy change for reaction (4.62) at 1 


35 kcal. Therefore, 
JG? = —RT ln K = 35 keal. 


Hence, 
4:3 
«a 
K—-R*x 10-5 _ Sno, 
@q1,0,° Ti 
: which gives aa; = (8 x 10-S+ay;)!*. We know that the value of ay; is 0.0014, therefore, aa; works 
i out to be 6 X 10-6. This value shows that the contamination due to aluminium is very small, and 


vacuum to this system cannot bring about the metal-refractory reaction. 


the application of | can 
on corresponding to a situation where aluminium is continucusly removed by 


However, the reacti 
| evaporation Is 

Al = Al (8), 
where A! is aluminium in solution. 


(4.63) 


The equilibrium paitial pressure of aluminium over the melt 
can be estimated. However, this value would be extremely small. A high degree of vacuum 
would certainly remove aluminium continuously and thus would hinder the attainment of 
equilibrium, although only marginally. From the foregoing discussion, we conclude that metals 
can be melted for purification if thei reaction with the refractory is avoided. 
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4.13) HYDROMETALLURGY 


i ver, in recent times, 
Hydrometallurgical treatment was generally confined to low-grade ores. Howe 


i T s involved in hydro- 
it has been extended to cover concentrates, mattes, spciss, and scrap. The stage 
metallurgical extraction are as follows. 


PREPARATION OF ORE FOR LEACHING 


The preparation of an ore 
metallic walucs or the r 
chemical tre 


to prevent t 


for leaching includes grinding, the physical os nahn pacts: 
emoval of specific impurities by physical methods, we il vn - 
atment either to render these values soluble in the subsequent leaching op 

he leaching reagent from being consumed by impurities. 

LEACHING 


“ ‘ . . . iqui t. 
fa leaching, the metallic values in an ore are selectively dissolved using a suitable liquid reagen 
\ The selectivi 


i} 
ty in dissolution depends on the nature of the reagent while the rate of — 
depends on various factors including temperature, pressure, the volume of the leaching liquid, ‘ e 
Ore particle size, the composition and concentration of the reagent. the pulp density, the duration 
of the Icaching reaction, and the degree of aeration of the leaching reagent. 


' SEPARATION OF LEACH LIQUOR 


The leach liquor is s¢parated from the residue le 


ft behind after processes such as leaching, set- 
tling, thickening, filtration, and washing. 


RECOVERY OF METALLIC VALUES FROM LEACH LIQUOR 
The metallic values are recovered from the 
Processes, namely, precipitation, cementation, c 
RECYCLING OF LEACH LIQUOR 


The leach liquor is recycled after it has been purified and its composition readjusted. 
A typical hydrometallurgical process coul 


d have one or more of the objectives now listed: 
(1) To produce a pure compound which can latcr be processed by Pyrometallurgy to yield 
the metal. 


(2) To produce the metal from either the crude metal or the metal compound which has 
already been prepared by other methods. 

(3) To produce a metal directly from an ore or conccotrale, 
A general outline of the various Possible steps for achieving these o 


ADVANTAGES OF HYDROMETA LLURGY 


At present, hydrometallurgy is a well- eatraction metallurgy, Complete 
hydrometallurgical processes are now available for the extraction and refining of almost all metals 
In many instances, these processes help in achieving a higher degree of purity and a more 


leach liquor by employing one of the following 
lectrolysis, ion exchange, and solvent extraction 


. “err “" 


bjectives is shown in Fig. 4.11. 


established branch of 


economical operation. 


The most important advantages of hydrometallurgy are: 
(1) Hydrometallurgical methods are j 
eradual depletion of rich ore deposits, it is be 


3 g cult to applysconventi 
Pyrometallurgical methods for metal extraction. Pply/conventional 
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